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This thesis is a case study the mechanisms associated with the fonnation of 
plasma in a vacuum diode during the break down process. The issues brought forth in 
this thesis have been studied for many years but have not yet been well understood 
Specifically, on the anode of a fast pulsed high vacuum diode the Explosive Electron 
Emission Model states that the plasma formation is caused by energy deposit ion on the 
anode electrode surface. The Desorbed Neutral Ionization model states that the neutral 
cloud on the anode surface contributes to the plasma formation on the anodic surface. 
This work presents experimental results which support the model for formation of plasma 
and thus spot cratering on the anode surface. The findings of the work seem to support 
the ONl model. However, some of the results are not predicted by the model and it is 
proposed that the model could be expanded into the study of the behavior ufthe magnetic 
fie lds during the breakdown process. 
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I . INTRODUCTION 
Eiectri(;al breakdo.vu between charged electrodes and plasma fannatian on 
surfaces are fWldamental phenomena in many areas of pulsed power technology . 
Vacuum breakdown in a pulsed high voltage di ode is init iated by the explosive-li ke 
transition of a field emitting spot into the dense plasma of a cathode spot TIlcse high 
current. high voltage diodes operate during the time interval between plasma fomlutioll 
and diode gap closure. Even thollgh the electrical breakdo\v(l process in diodes has been 
studied extensively for more than sixty years, the origin of ale hijlh current density and 
the mechanisms which cause the cathode and anode spots have not yet been well 
understood. A cathode spot produces a crater on the cathode surface thro:lgh a plasma-
related mechanism when a sufficiently strong electr ical field is applied on the wId 
cathode surface 
Onc widely acceptcd model used to describc thc formation of cathode flares is the 
whisker explosive electron emission model [Ref I]. This model suggests that the 
del,;trical field in the diode is enhanced near a microprotrusion or "whisker" on the 
cathode surface, causing field emission of electrons. rhe field emitted 
supposedly beats the whisker within nanoseconds, until an explosive forn:ation of plasma 
occurs. Tbere is, however, some doubt as to whether this mechanism can provide enough 
energy fO explode a whisker. A new model developed by Schwirzke [Ref. 21 proposes a 
more complex process, involving ionization, that can provide the energy required to form 
the cathode spots 
rhis work will fOCus on the prt:-breakdown proc!;.':sses that occur in the diode, 
specifically the plasma formation and the damag!;.': that occurs on the anode surface. 
Previous work in this field at th!;.': Naval Postgraduate School confirmed the fornmtion of 
microscopic craters or spots on both the cathode and the anode surfaces after breakdown. 
Wright [Ref. 3] suggests that plasma formation on the anode occurs about 1.5 
nanoseconds after the initial plasma prodUction begins on the cathode. The study 
described in this thesis was mad!;.': using the high voltage vacuum diode of the Naval 
Postgraduate School Flash X-ray machine. The damage that occurs on the anode surface 
is d!;.':scribed with the aid of an optical microscope, and there is an attempt to explain the 
mechanisms that made this damage occur. 
This study is organized to provide an overview of the breakdown process, to 
describe the anode surface damage, and then to explain the anode plasma formation. It 
hegins with basic diode physics and theoretical background in Chapter II. Chapter III 
covers the Desorbed Neutral Ionization Model (Schwirzke), Chapter IV deals with some 
special topics about the anode, and Chapters V, VI, and vn cover the experiment, results, 
and analysis, respectively. Chapter Vlll offers conclusions and recommendations. 
II. THEORETICAL BACKGROUND 
A. REVIEW OF PLANAR DIODE PHYSICS 
A planar high voltage diode consists of two conducting plates separated by a 
distance, d, which is small relative 10 the dimensions of the electrodes. The gap between 
the plates is evacuated, in this case to a vacuum between :0' and 10-6 Torr. In a planar 
diode where no current flows through the diode gap, the electrical field, E, is given by the 
relationship 
(2.1) 
where $0 is the applied voltage potential across the diode. Once a current begins to flow 
tluough the diode, the elecllic field is altered by the changing charge distribution. This is 
kno\vn as "electron space charge effect" (Figure 2.1). The diode used for this experiment 
was a high voltage diode, for which the potential minimum is very small compared to the 
high applied potential. This minimum is practically wincident with the cathode surface 
(Figure 2.1, IV). In this (;l!SC, the ekdric field vanishes at tht cathode surfact. The 
emitted electrons have approximately zero initial velocity. A sufficient rate of emission 
causes the electron flow in the high voltage diode to become space charge limited. [Ref. 
4J 
B. THE FIELD EMISSION 
Whtn a sufticientiy strong electric field (usually more than 10' Vim) is applied 
across the gap of a vacuwn diode, the resulting Lorenz force causts a quantum 
mechanical numeling of electrons through thc potential barrier binding them to the 
cathode surface [Ref. 5]. Then the electrons are accelerated toward the anode. This 






Figurc 2.1. Schematic of electrostatic potential in a diode including 
elcctron space charge. A time dependent potential minimum fonns ncar 
the cathodc (K) surface. I through IV arc sequential in time. [Ref. 4] 
This phenomcnon occurs at microscopic non-unifonnities, dust panicles or oxide 
spots on the cathode surface, which are more commonly referred to as whiskers. The 
ficld emitted current density j FE is proportional to the square of the nominal electrical 
field and is given by the Fowler Nordheim equation: 
(2.2) 
when: 13 is the electric field enhancement factor and c[, C2 are constants based on the work 
function of the material composition of the cathode electrode. Field emission takes place 
at the whiskers because their geometry Cim kad to an electric enhancement from 10 to 
100 limes the nominal electric field value given hy Equation 2.1. The electrical field 
elLf:!ancement can be seen in Figure 2.2. 
E fiElD tiNES 
Figure 2.2. Electric field enhancement at a whisker surfu(;c. [Ref. 4J 
C. THE BREAKDOWN PROCESS 
The field emission current is limited by the previously indicated space charge 
consideration. Using a non-relativistic treatment, which is sufficient for the experiments 
in Ihis work, the space charge limited current density jCL is given by the Child-Langmuir 
formula 
lee (23) 
where <:0=8.85 x 10"12 rim is the permittivity of free space, e is the magnitude of charge 
carried, m is the mass oflhe charge carriers, $0 is the magnitude uflhe diode potential, 
and d is the distance from the lero potential surface 10 the potential $0. Before plasma 
fonnalion occurs, d is the distance bet'Neen the electrodes 
The tenn "breakdo\\n" refers to the filling of the diode gap with a conducting 
mcdiwn, al!owing current to flow v.ith little or no resistance. In the vacuum diode, when 
a high enough voltage is applied across the gap, field emission of electrons takes place at 
the whiskers and a dense plasma is fanned immediately above the electron emitting spots. 
This occurs a fc\v nanoseconds from the voltage onset. If the plasma occurs above 
whiskers on the anode surface, it is called an anode flare, If it takes place near the 
cathode surface, it is a cathode flare [Ref. 1] . Thc mechanisms by which these flares 
occur arc not completcly clear, and there are several theories that attempt to explain these 
phenomena. The electrical breakdov.n process is complete when the plasma produced by 
the anode and cathode flares tills the gap providing the conducting mediwn in which 
current can flow freely. This happcns a fcw microseconds after the plasma fonnation on 
the electrode surfaces [Ref. 7]. In Figure 2.3, the gap closure which occurs a few 
micro~econds after plasma fonnation onset is shown [Ref 6) . 
bright region near the 
and anode (right side) plasmas [Ref. 6J 
D. EXPLOSIVE ELECTRON EMISSION MODEL 
I. Cathode Surface 
A well known model for plasma production on the cathode was proposed by 
Mesyats el ar [Ref. I J. According to this model, the main mechanism for the fomlation 
of the cathode flares begins after the application of the voltage pulse, where there is a 
field emission of electrons at microprotmsions (whiskers) on the cathode surface. As the 
applied voltage increases, so will the fie ld emission current density -- unti l it reaches a 
value where the ohmic heating will be sufficient to explode these cathode emitting 
micro points. There is a very quick vaporization and ionization of the whiskers This 
plasmodic material will then expand in an explosive m,uUJer at speeds up to 104 m/s 
2. Anode Surface 
According to Mes) llts el aI., electrons which have been emitted by cathode flares 
are accelerated in the vacuum section of the gap, and then transfer their energy to the 
anode surface. The power flux on the anode for experimental conditions (small diode gap 
'" 0.35 mm, max. voltage'" 35 kV, R '" 150n) is about 109 W/em1 over 14 ns. If one 
neglects the heat losses and estimates upper boundaries, it turns out that the energy 
deposition on the anode surface is sufficient for vaporization of the anodc material in an 
explosive manner, as well as for the fonnation of anode flares. According to the 
estimates of Mesyats et al., the mass of metal evaporated from the anode is on the order 
of 1"0,8 g, i.e., several orders greater than the mass of metal evaporating in a cathode flare. 
Thus, this model supports the idea that in the final stage the anode can be the main 
supplier of the conducting medium to the vacuum gap. It also predicts that the anode 
flares' brightness will be much greater than that of the cathode flares. [Ref. lJ 
E. MECHANISMS CAUSING THE ANODE SURFACE DAMAGE 
The model proposcd by Mesyats el at. states that the electron energy that is 
deposited on the anode surface is absorbed in a layer a few micrometers thick. According 
to experimental calculations, the rate of heating of the anode surface is almost 10 10 K/s. 
The temperature gradient in the surface layer exceeds the value of 1 06 K.icm, so there will 
he a rapid increase in temperature, which will cause thermal expansion of the heated 
layer. This will cause significant thcrmal stresses in the layer. According to Mesyats el 
at., the craters fanned in the breakdo\\'l1 spark proccss can be considered as solidified-
liquid phasc elements. This can be expl"ained not only by a purely external analogy, but 
also by the pattern of the dislocation structnre in both thc melting and the crater regions 
The appearance of craters is related to the presence of microscopic impurities, su<:h as 
oxides, carbides etc., in the metal surface. Since thcse impurities have It:ss heat capacity, 
hcat conductivity, and density than metals, there would be localized areas of high 
temperature in the surface layer. The high temperature <:auses the appearan<:e of a liquid 
phase. Based on thesc idcas, Mesyats' model explains the origin of craters on steel, since 
they contain carbide inclusions. Thus, craters occur near the grain boundaries where 
impurities diffuse in the process of metal recrystallization. [Ref. 1] 
F. PERFORM~"'CE OF THE EXPLOSIVE ELECTRON 
EMISSION MODEL 
As explained earlier, once a sufficiently large current hegins to flow through the 
diode, the eie<:trical field distribution is altered by the presence of an "electron emission 
spacc charge'· and the maximum <:urrent density ia is limited by the Child-Langmuir 
Law. In general, one would expect that field emission wrrent JFE is less than ia. 
TIlerefore, the Child-Langmuir current to the anode represents an upper limit. For a 1 
MV potential applied across a 2.54 cm gap, the Child-Langmuir Law limit in a unifonn 
to ionize a whisker by joule heating in the 3-10 nanoseconds in which it occurs. fRef. 2J 
fhe field emission electron current will become space charge limited at a value 
that is insuffi(.:ient for the explosive-li kc transition of the whisker into a dense plasma 
Furthermore, the cxternally applied electrical field vanishes near the cathode surface 
when the currcnt becomes space charge limited. This should turn off the field cmission 
current. The question remains as to ho\v this relatively small field emission C'JITent can 
cause the fo rmation of a cathode spot in an explosive maImer 
10 
TTl. DESORBED NEUTRAL IONIZATION MODEL 
A. INTRODUCTION 
The Desorbed Neutral Ionization maud (DNI) provides a mechanism that Cilll 
transfer the amOWll of energy required to explode a whisker. It also can be applied to 
help understand the mechanism of plasma formation on the anode. Previous work [Ref. 3 
and 71 has demonstrated it to be capable of predicting the delay time between the voltage 
onset and cathode plasma fomIatioll. 
B. DESCRIPTION m' THE DNI MODEL 
1. Cathode (ronization Process) 
Electrode surfaces arc usually far from ultra high vacuu.m dean. fhis means that 
adsorbates like CO!, 0 1 or hydrocarbon mokcules are weakly bound to the electrode 
surface by Van cler Waals interactions LRef 8]. j\fkr lhl: onset oflhe applied voltage, the 
resulting current will Start to heat the surface This heating will cause a sudden rise in 
temperature, espe(.;ially on the tips of already existing whiskers. This heating, as well as 
the electrical field, the emission of dectron s, and the impact of ions, are all mechanisms 
which st imulate the desorption of the weakly bOlUld adsorbates from the surface of the 
whisker. These adsorbates move away from the cathode with an average speed 
determined by the temperature of the surface. For example. 470 mls is the average 
velocity of air molecules at temperature T = 300 K LRef_ 8]. Expanding at this speed, a 
suddenly released monolayer of 2xlO ,9 molceules/m2 fom1s a dense gas layer of neutral 
molecules very close to the cathode surface. As the diode voltage is increased, the energy 
of tile fidd emitted electrons passing through the neutral gas layer also increases. As 
11 
soon as the energy of the electrons is high enough that the cross-sectional ionization of 
the neutrals is sufficient, ionization of the desorhed neutral gas layer will begin. The 
initial light which signals the onset of plasma formation is believed to he that light 
produccd during the ionization of the neutral gas layer. Figure 3.1 shows a typical 
ionization cross section as it changes with the energy gained by the electrons as they 
accelerate away from the cathode surface It also gives a neutral density profile for the 
onset of ionization 
loni.o'io" 
~egion 
Figure 3.1. Schematic of a typical distribution of ionization cross-section 
and neutral densi ty. [Ref.9J 
Assuming that the neutrals represent oxygen adsorbates, they will have a 
maximum cross-section for ionization at about 100 V potential [Ref. 9). The ionization 
region is where the ionization cross-section and the neutral density arc sufficient to have a 
reasonable probability for ionization of neutrals. The ionization of the neutrals produces 
more electrons, which arc accelerated to the anode. The corresponding slower moving 
ions go back to the cathode, where they efficiently transfer energy to the cathode surface, 
12 
causing more desorption of neutrals. These ions arc accckrated toward the tip of the 
whisker, delivering about IOOeV of energy each to the surface layer [Ref. 10J 
c. PLASMA FORM.ATION 
The ion bombardment of the cathode surface caused by the ionization of the 
neutrals leads to further desorption of neutrals, thus increasing the neutral density. Since 
ions have larger mass than the e}el.;trons, they accel.erate toward the cathode at a much 
slo\vcr rate, resulting in the formation of a positive space chflrge sheath a few 
mil,;rometers in fronl of the cathode surface. The presence of this positive space charge 
increases the electrical field and, through the Fowler-Nordheim relation (Equation 2.2), 
significantly enhances the fi eld emission current. Also, due 10 the enhanced electrical 
field, the 100 V equipotcntial surface moves closer 10 the cathode surface inlo a region of 
higher neutral density. Thc continued ionization fonns a dense cloud of plasma above the 
ele\:tron emitting spot, which effectively shie lds the whisker spot from the externally 
applied electrical field. As the plasma density increases, so does the cathode surface 
heating (because of the increasing current and the ion bombardment) until themlionic 
electron cmission occurs. This localized build-up of plasma results in prcssure gradients 
and electrical field dislributions which help the fonnation of unipolar arcs [Ref. 10] 
Because the external applied field is isolated from the eathode surface, the unipolar arc 
current demity can be much larger than the Chlld-l.angmuir space chargc limited diode 
curre:Jt density la. This high current density, combined with the ion bombardment, is 
bel ieved to be the basic mel:hanism that provides the explosive plasma formation and the 
13 
resulting cathode spots. Some of the craters observed on the cathode surface are showo 
in Figures 3.2 through 3 ... 
Figure 3.2. Spots observed on the cathode surface after two 75 kV Marx 
shots. (X 50) 
Figure 3.3. Spots observed on the cathode surface after two 75 kV Marx 
sh\)ts . (X 100) 
14 
O. PREOICTEO ONSET OF IONIZATION 
The delay time between voltage onset and plasma formation can be predicted by 
determining the intersection of a 100 V equipotential surface curve (EPS) and a neutral 
cloud position curve. [Ref. 2] At the time of intersection, neutral particle densily is 
sufficient for the electrons of 100 eV energy to start lbe ionization process. Assuming 
that the cathode and anode surfaces arc large compared to the separation distance, d, the 
electrical field between the electrodes is constant, and the location, x, from the cathode of 
a potential , V(X.lj, at a time, I, is stated by the relation 
(3.1) 
where o:J>{tj is the potential applied to thl;': anode and d is the separation distance between 
the electrodes. With the use of Equation 3.1, it is possible to plot the 100 V equipotential 
surface curve for a 75 kV Marx shot, which corresponds to 1.041'vtV inside the diode. 11 
15 
can also be combined with the neutral distance curve, which is a linear plot of position 
based on an average velocity of 470 m1s. (Figure 3.5) So, for instance, it is possible to 
predict that the onset of ionization of the neutral cloud for a 75 kV Marx shot begins 





Figure 3.5. Equipotential surface of 100 V and distancc of ncutrals from 
the cathode vs. time [rom voltage onset. Assumed pulse risc timc is 20 ns. 
E. ANODE ELECTRODE 
In the past [Ref. II] and in the course of the prescnt work, small craters on the 
anode surface (anode spots) have been observed. These spots are believed to be produced 
by the same mechanisms that are responsible for craters on the cathode surface. Since the 
anode surface is covered with adsorbates, the energetic electrons coming trom the 
16 
cathode region ",,·ill strike these ad<;orhed neutrals, causing their ioni7,alion. When the 
electron flux and neutral density on the swfacc hecome sufficient, a strollg ionization rate 
will result.. This callses the formation of a positive space charge layer a few micrometers 
from the anode surface. The potential of the ion layer will be increased, and becomes 
greater than the applied field in front of the anode. This is due to the iarRcr mass and the 
larger inenia ofilie ions. The time of flight. of the ions to the cathode is approximately 10 
ns, which is milch longer than the time it takes a secondary electron to travel the few 
micrometers to the anode surface. The fidd then n:verses. and unipolar arciTlg will occur 
The ion density above the anode 5mbce that is required to su:;lain Iidd n:versal is given 
hy the rdation 
where EO is the ]JClmittivily conslant and (J is lhe ion space charge layer densily (C/m:') 
If lhe applied voltage at the moment of breakC.own was 250 kV over a 2.5 (.:m diode gap, 
the electrical ficld k' = 10' Vim f;icld cancellation will occur if (J = Eco - g.g5 x 10 
C/m7 This means that the density of the ion layer will be dj (Jiqi ~ 5.52 x \OI~ ions/m2, 
where qi~1.6021 x 10.19 C lfa field reversal with an electrical field of E = _10' ViJn is 
desired, it is necessary to have twi(.:t~ the value of di or 1.1 x IOI~ ions/n/ \\llen the 
density of the ions iH the iOll layer reaches this value. the piasmll layer fonnmion in the 
region in front of the anode and unipolar arc CiUl take place. The ionization rate created 
by the high energy electrons is estimated under the assumption that the electron cllrrent 
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density is limited by the Child-Langmuir Law. Applying Equation 2.3, the current 
density Jet =0.45 X 106 Aim2 for E = 250 kV ovcr a 2.5 em diode gap is obtained. This 
corresponds to an electron flux of <Dc -:2.8 x I 024e- / (mls) . For a typical delay time of 10 
nanoseconds, the neutrals will have traveled with a velocity of 470 mis a distance of 4.7 
micrometers from the anode surface. The average numbcr of molecules in one adsorbed 
monolayer is estimated at 2.2 x 1019 particles/m~ [Ref. 3]. Since the anode area is 4.5x 
10-3m2. the average numher of neutrals if one monolayer is desorbed will be N "" 9.9 X 
1016 particles in a volume of V = 2.11 x 10.8 m3. So, the average neutral density no = ,'v,lV 
= 4.7 x 1024 particlesJm', which is about one-fifth the density of air at atmospheric 
pressure. With this average density of the neutral cloud, the electrons' mean free path 
will be I. = 11 nofJe• where fJc is the cross-section of ionization. For many gases, fJe ~ 
10-22 ml [Ref. 91. So, I, = 1/ nafJc = 2 x 10·) m. This means that the 2x10-J distance of 
the mean free path is long in comparison to the dimension of the neutral cloud of 4.71lm 
The ionization rate is Rjon = 1") <De_ where 1") is the efficiency of ionization, or 1")=4.7 x 10.6 
I }"= 2.35 X 10.3 ionizations I e-. -Ibis gives an ionization rate of Rion '" 6.58 x 1021 
ionizations /(mls). At this rate, it would take abut 16 nanoseconds to create an ion layer 
of 1.1 x 10 15 ions I m2 , which is required for field revl:Tsal. Thi s estimate shows that the 
high energy electron current density may not be quite able to cause sufficicnt ionization 
oflhe neutral cloud in front oftbe anode surface to create a fidd rl:'vcrsal. Therefore, it is 
possible that there arc other ionizing mechanisms which contribute to the field reversaL 
It is believed that there could be two other ionization mechanisms. One is radiation 
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(I;.':specially ill the ultra violet band) created by the cathode plasma. Unfortunately, at this 
lime there is no way to estimate the amount of the ionizing radiation. Tile other 
ionization mechanism is driven by Ihe back scattered and less energetic secondary 
electrons produ~ed during the ionization process. These secondary electrons afC slower 
than the high energy electrons, so they will ionize the neutral gas cloud more efficient ly. 
Secondary ekctrons are produced by ioni zation a few micrometers from the anode 
surface at a region with a potential of about -100 V with respect 10 the anode. They are 
accelerated towards the anode, and their ionization cross-section is much higher, hy about 
two orders of magnitude CiC ~ 10-22 m2 than that of the high energy electrons. Their mean 
free path is correspondingly much smaller [Ref 7]. This means that the secondary 
electrons could be considered to be a very significant source of ionization for the 
desorbed neutral gas layer and the still adsorbed neutrals on the anode surface. figure 3.6 
shows a schematic of the ionization process sustained by secondary electrons 
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High Energy 
Electrons Region of Neutrals 













I~-- 5 micrometers --~I 
Figure 3.6. Ionization process in front of the anode surface sustained with 
secondary electrons. 
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IV. SPECIAL ANODE CONSIDERATIONS 
A. OVERVIEW 
In order to support the theory used in this study it is essential \0 present what 
other researchers have reponed about the same phenomena. In this chapter the 
experimental findings of other researchers as Miller {Ref. 12 and 13] are swnmarized. 
Most of these experiments were performed on relatively long time scales (on the order of 
ms) while Ihe current experiments investigate the formation of anode spots on a 10 ns 
timescale. 
B. DEFINITION OF AN ANODE SPOT 
In discussing anode spots, one must be careful in making conclusions regarding 
exactly when an anode spot is presen!. It has been suggested that, since anode spots arc 
vcry luminous, someone could judge the appearance of anode spots by examining the 
luminosity of the anode. That would not be satisfactory, since luminosity can be affected 
by plasma radiation and, of course, the detector's sensitivity. Therefore, a llUllinous area 
on the anode does not define an anode spot. On the other hand, since an anode spot is 
always bright, the absence of a bright spot on the anode could be considered to be 
conclusive evidence that an anode spot is not present. Miller [Ref. 12l states that most 
researchers have found the fonnation of a large area anode spot to coincide with a 
significant decrease in the voltage noise component, and usually with a c.cCIease in {he 
mean diode voltage. Thus, a significant decrease in the diode voltage noise component, 
especially if accompanied by the appearance of a very llUllinous spot on the anode 
surface, could be asslUIled to indicate the fonnation of a large anode spot plasma. 
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However, the fonnation of micro sized anode spots caused by unipolar arcing (auld take 
place without any decrease of the voltage noise. In this case, identification of the 
formation of anode spots on the anode surface would require that the suspected anode 
spot not only be very luminous, but also a source of significant erosion on the anode 
electrode surface. [Ref. 12) 
C. ANODE IONS 
There have been many published works on ion production processes in thl: region 
of the anode ele(trode. Kimblin [Ref. 14], while working with vacuum arcs, fo und that 
signific<U1t quantities of anode ions were emitted from de arcs. He has also reported that 
the positive ion current constitutes 7 to 10 percent of the to tal arc current for a wide 
variety of cathode materials lRef. 15]. When an anode spot is present, the fractional 
positive ion flux increases significantly. KimbEn's work with various materials like 
copper, chromium, and tungsten gave comparable rl:sults for the maximum ion currents. 
The anodl: ion flux appears to be a linear function of the arc current, and thus behaves 
much like the cathode ion flux. The anode ion flux starts from Zl:ro at the critical current 
for anode spot formation and then increases more rapidly than the cathode ion flux. As 
mentioned earlier, the Desorbed Neutral Ionization (ONI) model assumes thaI there is a 
neutral layer on the anode surface which is struck by the huge flux of electrons from the 
eathodc. This neutral layer is ionized, fonning a positive sheath a few micrometers trom 
the anode surface. Ions arl: pulko toward the cathodc. Kimblin compared the measured 
anode erosion rate with the anode ion current and found that much of the anode material 
was ionized. Bacon [Ref. 16] also fOlilld anode plasma to be highly ionized. This 
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indicates that 11 significant fraction, if nO! the majority, of the material eroded frum the 
anode by the anode spot leaves the a..'lode region as ions. [Ref. 12) 
D. MULTIPLE ANODE SPOTS 
During the course of this work, numerous microsized craters (spots) Wl;':fC 
observed on the anode surface, as is discussed in Chapter V. Yokohama and Kashitani 
[Ref. 17] have also observed the prcsem.:e of several anode spots during the application of 
50 Hz vacuum arcs on copper electrodes. Frind and others [Ref. 18) us!;':d rectangular 
current pulses, and showed that at 10 kA, numerous small anode spots, covt:ring a smaJI, 
well-defined area of the anode, became visible early (in the first few hundred 
microsl;.':conds) in the arc. The vapor emission of these spots was so strong that from 0.4 
ms on, they were hidden behind a cloud of plasma. At higher current values, this process 
occurred more rapidly, and an anode plasma formed. It was tentatively concluded [Ret 
IS] that the discretc small anode spots gradually coalesced to form a single, largc, rather 
homogeneous anode spot. 
Zycova and others [Ref. 19] also used rectangular current pulses (J < 4000 A, 1.8 
ms < I <6.5 ms) using various electrode matcrials (Cu, Sn, W, Ag and Zn). Thcy worked 
mainly with gas dischargcs and made some interesting obs!:fvations at pressures of 10'" 
Torr. Specifically, they observed a cluster of individual spots on the anod!: electrode 
surface. The individual spots had diameters around 0.01 mm, while the diameter of the 
cluster was about ten times larger (about 0.1 mm). Thcy also observed that the anode 
spots were more constricted on electrodes of higher thermal conductivity. This behavior 
was attrihut!:d to the need to maintain a plasma temperature high enough to produce the 
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necessary current carriers in the anode electrode region. Small anode spots were also 
observed by Grisson and Newton in their work with physical ly small anodes [Ref. 20] . 
Their anode spots tended to be about 10 ~tm in diameter, and they also ohserved that 
several such anode spots were present simultaneously. The fraction of the anode area 
covered by anode spots increased when the total number was increased. These anode 
spots never joined to form a single large spot. This is in agreement with the results or the 
current effort, as can be seen in Figure 4.1, and as further discussed in the following 
chapters 
Figure 4.1. Anode spots observed during the present work. (X500) 
E. ANODE MEL TlNG 
Anode melting in a vacuum anode is generally connected with the formation ofan 
anode spot. The anode electrode surface temperature for a fully developed anode spot has 
been determined to be near the boiling temperature of the anode electrode material [Ref. 
21]. Rich and others [Ref. 21J have found that anode spot formation and anode melting 
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coincide within their experimental resolution (approximately 20-30 milliseconds) for 
most of the investigated materials. However, melting of the anode is not necessarily 
correlated with the formation of an anode spot. In the past, there were reports of cases 
where anode melting occurred without the appearance of an anode spot [Ref 21 J. The 
answer to this problem may be fOlUld, in part, in the behavior of the diode-arc voltage 
Goldsmith [Ref 22] states that the transition of the a TC to the anode spot mode is 
genera!!y marked by the appearance of a significant oscillatory component on the arc 
voltage. The melting of the anode results from the energy flux into it, carried by ,ill 
electron and ion current. Goldsmith ci tes several combinations of cathode and anode 
materials used in order to determine the threshold peak current 'pI for the onset of the 
anode surface melting. The melting of the anode surface took place only when the peak 
value of the arc current, ipeak, was greater than the threshold peak current lpt-
Experimental results show that the threshold peak current Ipt depended on both the anode 
and the cathode materials. Goldsmith's work also supported the theoretical implication 
that the threshold peak. cunent Ipl is inversely proportional to the effective anode 
potential 4>". Experimental evidence also suggested that the emission of anodic atoms 
takes place from the onset of the discharge, and is significantly increased when melting of 
the anodc is observed. [Ref. 23] 
F. TIMING OF ]lLASMA PRODUCTION 
As mentioned earlier, the purpose of this work is to investigate plasma fomlation 
and the resulting damage to the anode electrode surface. To place this in context, it is 
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helpful to summarize the results of some previous related work at the Naval Postgraduate 
School 
Wright [Ref. 3] worked on the time of plasma production in both the electrodes of 
cathode and anode. Using photodcteetors, he observed the difference bet\vecn the onset 
of the diode voltage and the onset of light on the diode electrodes. In Figure 4.2, the 
diode voltage for a 75 kV Marx shot can be seen as a fWlction of time, where the onset is 
at 33 ns. The light signal for a 75 kV r .... 1arx Shot is pictured in Figure 4.3. The "75 kV 
:-'·1arx shoe indicates that the 12 stages of the Marx shot generator are loaded with 75 kV 
cacho A 75 kV Marx shot typically corresponds to 1.04 MV peak diode voltage. Onsets 
for both the cathode and anode light signals occur at about 40 ns. There is a measured 
delay time of about 7 ns. This agrees with the predicted delay time of 7.5 115, according 
to the DNI model. Wright also concludes that the light signal produced ncar the cathode 
surface during the onset is brighter, and begins before the first light emanating from the 
anode region. This confirms that the cathode process starts and controls plasma 
production in high pulsed vacmUll diodes. 
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Figure 4.2. Diode voltage for a 75 kV Marx shOl ( 1.2 MV peak diode 
voltage). The onset of voltage starts at 32.9 ns. [Ref. 3] 
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-Figure 4.3. Light signals for a 7S kV Marx Shot (1.2 MV peak diode 
voltage). The onset of the light for both anode and cathode signals starts 
at 40 ns. This means that there is a delay of 7 ns betwel:u the onset of [he 




rhis work is intended to sludy the formation of plasma; speci fically the dmnage 
mechanisms which cause the [annalion of craters on the surface of the anode electrode, 
the geometry ofthc damage, and the condition afthe electrodes used. The damage on the 
anode electrode is compared \\~th the Desorbed l'I-eUlral Ionization model described in 
Chapter Ill. 
B. EXPERIMENTAL SET UP 
l. Equipment and Laboratory Layout 
This experiment WliS performed at the Naval Postgraduate S(;hool (NPS) Flash X 
Ray (FXR) facility llsing a Physics International Company Pulserad 112A flash x-ray 
machine. The :Vfodel J 12A Pulsed X-Ray Generator is a high power flash x-ray and 
electron a(;cc1erator system It is specifically designed for radiation effects studies 
producing x-ray intensities exceeding 5xlO IO Rad/sec. Some of the system 
characteristics, as listed in the Operations and Maintenance \1anual [Ref 241, are 
provided in Table 5.1. A schematic of the system is shown in Figure 5.1. 
The Pulserad ll2A uses a high vacuwn diodc (bet\veen 10.5 and 10.6 Torr) with a 
diode gap of2.5 cm. i\cross this diode the Pulserad ll2A generates voltage pulses with a 
duration of20 to 25 nanoseconds at full width half maximum (FWHM). The amplitude 
of the potential applied inside the vaeuwn diode can vary between 600 k V and 1.6 MV. 
The anode and the cathode used in the study were made from stainless steel. Thc 
Pulserad ll2A system consists of five basic subassemblies· 
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I . DC powt:r supply and controls 
2 Trigger system 
3. Marx generator 
4. Coaxial pulst: generator 
5 Electron accelerator lUbe. 
X - Ray Output 
Power Requirements 
Stages 
Stage Ca acitancc 
OUlputCapacitance 
Maximum Charge Voltage 
MaximLUll Slored energy 
OutpUllrnpedance 
OutputVoltagc 
Output Pulse Width (fWHM) 
Power Supply 
Table 5.1. System characteristics of Pulscrad l i lA 







The basic theory of operation will be swnmarizer.! below, The Pulserad 112A 
functions following three hasic steps. The Marx Gencrator is charged via an external 
power supply to the desired voltage. The Blwnlcin Pulse Forming Line is then resonantly 
chargcd from thc Marx gencrator. Then, the fully charged Blumlein, dischil.rges rapidly 
into the declron accelerator tube creating a large potential ditference across the diode 
gap. \v11en the high voltage is applied, the stainless steel cathode rod emits electrons 
which are accelerated across the anode-cathode spacing until they impact with a stainless 
steel target (anode). There is also a triggering system which controls the charging and 
discharging phases of the operation. This triggering system consists of numero us gas 
spark switches which close as a result of the electrical breakdo\\l1 of the pressuri zing gas. 
FaT a complete description of the Pulserad 112A refer to Reference 24. The di ode current 
was measurer.! usi ng installed monitors supplied with the Pulserad The signals from 
thesc monitors were measurer.! by a Tektronix 7104 I GHz oscilloscope and Tektronix 
Digital Camcra System (DCS). The diode crnrent signal required 20 dB attenuation to he 
viewed on the oscilloscope. The absolute magnitudes of these signals can be obtained 
using the oscilloscope trace. Actual diode eurrcnt is detcrmined by: 
loe [kA] = 7.31 x v.~C(Jpe (5.1) 
where Vseope is the voltage read from the oscilloscope in volts. [Ret: 6] 
The measurement and detection equipment used in this study, a long with its most 
important operating characteristics, is listed in Table 5.2. 
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1:quipment 








Physic~ International 1 
PIM 199B 
C haracteristics 
Detect / Send Voltage Physics International! I. 6 kV! v Sensitivity) 
Pulse PIM - 197A25B 5 % Accuracy 
Acquires Voltage and Tektron illf 7104 Time Base I GH>:BW) 3 
Current Waveforms w17B92A % 
Mea~ures and Records Tektronillf OCS 0 1 512 Pixels I Sweep Use 
Oscilloscope w 17104 Scopes 
Waveforms 
AcquireS,Measuresand 
Records Light and X -
Ray waveforms 
Detect I photoanode 
surface craters 
Magnification:; X 50, 
100,200. 500. 1000 
Tab le 5.2 Detection and measuring equipment used for experiment 
Z. Diode Current Acq uisition Setup 
The light signal produced at the anodc and cathode is converted into an electrical 
signal using nvo New Focus Model 1601 photodetectors. The produced electrical signal 
can then he recorded by the Tektronies digital system DSA 602A. In ordcr to eliminate 
electromagnetic noise, the detectors are housed in a 1.25 cm thick aluminum barrel. The 
outputs arc connected to a high frequenc y capable, heavily shielded, coaxial cable The 
two fiber optic bundles, each 0.318 cm in diameter and 183 em long, have one end 
coupled to the photodetector's optically sensitive area. The other end is fed through 
drilled holes of a lead brick. The lead bricks are necessary to prevent x-rays from 
registering on the light detectors. The ends of the fiher optic cab les are then separated by 
a 7 nun thick aluminum plate which is placed flush against the vacuum chamber window 
32 
and cl:nli:n:d on lhl: middle of the diode gap_ This platl: serves to block light produced on 
the cathode sillfacc from entering the tiber optic cilble positioned to receive light from the 
ilIlode, ilIld vicc versa. Only the diode current signal is n:c:o,ded for this experiment The 
configuration o[thl: oj:lic:al ~etup i~ show1l in Figure 5.2 
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Figure 5.2. Configuration of Diode Current Acquisition Setup. 
33 
3. Anode ~ Cathode Set Up 
111 this experi ment three pairs of stainless steel anodes and cathodes are used. TIle 
surface of each anode is thoroughly polished before every use in order Lu avoid any 
surface ruughness, which could influence the plasma formation. The schematic of the 
stainless steel anode can he seen in Figure 5.3. The surface of every cathode is alsu 
polished before each use fo r the same reason as fo r the anode. Thc schematic of stainless 
steel cathode (an be seen in Figure 5.4. Photos ufthe (athode and anode surfaces can be 







Figure 5.3. Schematic of ~ode stainless steel e l ect~ode. 
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Figur~ 5.4, Schematic of cathode stainless steell;":lectrout":. 
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Figure 5.5. Photo of cathode stainless steel electrode 
36 
Figure 5,6. Photo of anode stainless steel electrode. 
4. Data Acquisition 
To obtain the desired waveform of the diode current, the Marx Bank capacitors 
are charged in paralld and then dis(.;hargcd in series across thl: diode gap. This is 
accomplished using the following procedure : 
I . Turn on the oscilloscopes / DSA 602A device 
2. Set the pressures on the control switches in accordance with the pressure 
charts. 
3. Charge the Marx Bank [uTIl ing on all proper switches 
J7 
4. After the Marx Bank is charged to the desired voltage of 75 kV the red light 
will come on. Press the trigger button and the voltage will be released across the 
diode. Then the waveform of the diode current will appear on the oscilloscope I 
DSA 602A. 
5. Detection of Anode Damage 
The detection of the damage being caused on the surface of the anode electrode is 
achieved and photographed using an electron-microscope Zeiss rCM 405 being held at 
the Laboratories of the Department of the Material Science of the Naval Postgraduate 
School. 
c. EXPER~ENTALPROCEDURES 
The operating instructions of the Pulserad system are given in the Appendix 
Here the role of the two most important parts of the system, the Marx Generator and the 
BlumJein transmission line, are summarized. A more complete description of the 
Pulserad 112A is given in rRef. 23]. 
1. Marx Generator 
Marx Generator is a system which consi~"ts of a number of capacitors which are 
charged in parallel and discharged in series producing high output voltages. Various 
switches control the discharge of these capacitors. A four stage Marx generator is 
represented in Figure 5.7. Each capacitor is charged by a DC power supply with a 
voltage Vo. Triggering of the switches connects the capacitors in series, re~uj[ing in an 
output voltage four times the original charging voltage [Ref. 25J. The Marx generator of 
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the Pulserad 112A consists of twelve stages. Each stage contains two 0. J microfarad 
capacilUrs in seri es, resulting in a total stage capacitance of 0.05 microfarads. A full 
schematic of the Pulserad ll2A Marx Generator is given in Figure 5.8. The resistors of 
the system have the advantage that they are capable of high power dissipation and are 
fl exible enough to be easily contoured to fi t the electrical requi rements of the system 
generator. 
. " 
CHAAGE~-;;;;:lP\JTVOlTAGE Co~ "" ~t~" ~c~" *c. 
GROUlffiRETURN 
Figure 5.7. Schematic ofa four stage Marx Generator. [Ref. 251 
The Marx Generator has the properties of a capacitor with 111 2 the capal:itance of 
a single stage. The output capacitance is given in [Ref. 24} by 
COUlput"'(1/12)xO.05j.l.F=4.17nF 
The output voltage of the Generator becomes 12 times the charging voltage of a single 
stage. This mcans that 
VO~IPUI= 12x Vo 
where Va is thl: DC charging voltage of the capacitors 
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Figure 5.8. Schematic of the Marx Generator of the Pulserad ll2A. L Ref. 
24] 
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2. Blumlein Pulse Forming Line 
'fbt: PuIserad 112A uses a BIumkin transmission linc that is reSOnancc charged by 
the Marx Gt:nerator. Thc use of this line results in a decrease in pulse duration and a 
corresponding increase in Olltput power. For this experiment. the dt:sircd voltage is 75 
kV The BlumIein pulse charge voltage is given by the rt:lation [Ref. 24]: 
13]. VaIL = 12xI. 2x. 9 x Marx Voltage (5 .2) 
For present purpost:s, 
Bl. Volt. = 12 xl. 2x. 9x 75 =972 kV. 
In [Ref. 23 J lht: diode voltage is given by 
v diode= 2 x BI. Volt. x (50/9]), 
where the fllctor (50/93) expresses the impedanct: of the circuits of the system Thus, for 
the present experiment 
Vdiode= 2x972x(50!93) =I. 04MV. 
3. Electrode Configurations 
There were used three configurations of the anodt: and cathode electrodes in this 
experiment. In the first configuralion, which can be seen in f igure 5.9, two shots of Marx 
voltage 75 kV werc used to determine the plasma fonnalion by detecting the damage 
occurrcd on the anode surface 
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FRONT (Polished Side) 
/ ~~ .--~ 
_C_A_T_H_ O_ D_ E-.rl:_/ -----:::-=-__ ~. IANODEI 
2.5 em ~~ 
VACUUM CHAMBER 
Figure 5.9. Schemati!; of the first anode cathode configuration 
In the second configuration, which can be seen in Figure 5.10, a pair of polished 
anodes and cathodes that were suitably marked were utilized in order to observe any 
geometrical relation between thl: damage on the anode electrode and the cratering on the 
cathode electrode surface. There was one shot of Marx \'oltage of75 kV inside the diode 
oflhe FXR machine. 
42 
Anode is marked for damage geometry 
FRONT (POliSh~ P()int "A" 
/ Point"B" -/ ~ir 
CATHODE ." 
,----- . ANODE 
2.5 em 
VACUUM CHAMBER 
Figure 5.10. Schematic urlhe second anode-cathode configuration 
In the third configuration, a cathodt: that was polished and an anode which was 
half polished were used (see Figure 5.11). They were again marked in ordcr to provide 
information about the geometr), or the effects being observed on the surface uflhe anode 
electrode. nlere was a series of three firings of 75 k V inside the diode of the FXR 
machine. 
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ANODE FRONT VIEW 
I/···· I~<~n 
! . \ ( • )1 Point "A" 
\ ~ / 
\(' )! 
. ~ Smooth, Well-Pohshed SIde 
Non-Polished Side 
Figure 5.11. Schematic of the anode surface in the third anode-cathode 
configuration 
4. Anode Craters Optical Acquisition 
A crucial part of the experiment is to detect any damage occurring on the anode 
eie(.;trode surface. This meant that the questions to answer are, "Do anode spots exist? 
Does plasma fonn on the anode surface?" In order to make spedfic observations on the 
anode surface, the optical microscope Zeiss model ICM 405 is employed [Ref. 26]. This 
enables photos of anode regions magnifil.-d 50, 100, 200, 500 and 1000 limes to be 
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obtained. Thus, sufficient data is gathered to prove the existence of anode spots and 
plasma fennalion in front of the anode electrode surface 
45 
VI. EXPERIMENTAL RESULTS 
A. OVERVIEW 
In an effort to determine the plasma formation and the damage occurring on the 
surface of the anode electrode three set ups of anode and cathode electrodes are used. 
The experiment is performed at a Marx charge voltage potential of 75 kV whi<,;h 
corresponds theoretically to 1.04 MV across the diode. The damage caused on the anode 
surface is detected, observed, and photographed \vlth the use of an optical microscope 
Zeiss TCM 405. The results recorded in this chapter are discussed according to which 
setup was employed. Additionally, experimental results will a lso be discussed in further 
detail in Chapter vn. 
B. PLASMA FORMATION ON THE ANODE (SET UP 1) 
In the first electrode sel up there is only one 75 kY Marx Bank discharge. The 
position of the electrodes is marked in order to provide geometric information ahout the 
relation bl:twcen plasma fannation on the anode and the corresponding phenomena on the 
cathode electrode surfacc. The damage and cratering occurring on the anode electrode 
surface are shown helow in Figures 6.1 through 6.14. The diode current signal is also 
detected "\vith this single shot, and is shown in Figure 6.16. 
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Figure 6.1. Photograph of anode surface after one 75 kV .\1arx bank shot 
Note the concentration of craters in a region v.;th many scratches. ( XSO) 
Figure 6.2. Photograph of anode surface after one 75 kV Marx bank shot 
Largc number of anode craters occurs in a non-unifolTIl way. (XIOO ) 
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Figure 6.3. Photograph of anode surface after one 75 kV Marx bank shot. 
Some of the craters emerge on scratches but some do not. (X200) 
Figure 6.4. Photograph of anode surface after one 75 kV Marx bank shot. 
Note the different scheme of the anode craters. (X 500) 
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Figure 6.S. Photograph of anode surface after one 75 kV Marx bank shot. 
Circular craters emerge on the anode surface. (X 1 000 ) 
Figure 6.6. Photograph of anode surface after one 75 kV Marx bank shot 
Note the huge cluster and the rotation of its "legs" . (X 50) 
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Figurc 6 .. 7. Photograph of lInode surface after one 75 kV Marx hank shot 
Two huge dusters are separated by undamaged surface. (X 50) 
Figure 6.8. Photograph or anode surface after one 75 kV Marx bank shot. 
rherc is a concentration or anode craters at the intersection of two deep 
preexisted scratches. (X50) 
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Figure 6.9. Photograph of anode surface after one 75 kV Marx bank shot. 
A cluster consisting of many anode craters is present, while beside it there 
is no damage. (X 100) 
Figure 6.10. Photograph of anode surface after one 75 kV Marx bank 
shot. Note the large damage occurred on half of the photo while on the 
other half the anode surface appears undamaged. (X 500) 
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Figure 6.11. Photograph of anode surface after one 75 kV Marx bank 
shot. Note the huge cluster. (X50) 
figure 6.12. Photograph or anode surface after one 75 kV Marx bank 
shot. Thi s is a detail view of the huge cluster seen in Figure 6.1 1. (X 500) 
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Figure 6.13. Photograph of anode surface aftt:r one 75 kV Marx hank 
shot. Note the non-uniformity of tht: crater fonnat ion. (X 500) 
Figure 6.14. Photograph of anode surface after one 75 k V Marx bank 
shot. Note that the damage caused hy cratering occurred in a non-unifonn 
way. (X500) 
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C. PLASMA FORMA nON ON THE ANODE(SET UP 2) 
Two 75 kV Marx Bank ~hots are relea~ed during the first set up in order to detcct 
the plasmll fannalion on the anode surface. The damage and eralcring occurring on the 
anode electrode are shown below in Figures 6.15 through 6.23 
Figure 5. Photograph of anode surface after two 75 kV Marx bank 
shots . t e the series of anode craters along a preexisting scratch. (X 50) 
Figure 6.1(.. Photograph of anode surface after two 7S kV Marx bank 
sflots. Note the impressive serial order ofanoJe craters. (X 50) 
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-Figure 6.17. Th~ waveform of the diode current after one 75 kV Marx 
bank shot. 
S5 
Figure 6.18. Photugraph of anode surface afier two 75 kY Marx hank 
shots_ Note the line of anode craters. (X 200) 
Figure 6.19. Phutograph of anode surfflce after two 75 kY Marx hank 
shots. This is the same target area as seen in Figure 6.18. hut with lower 
exposure. Note the line of anode craters along this scmteh. while along 
other scratches there are no craters. (X200) 
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Figure 6.20. Photograph of anode surface after two 75 kV Marx bank 
shots. Note the explosive manner of the fonnation of craters. (X 500) 
Figure 6.21. Photograph of anode surface after two 75 kV Marx bank 
shots. Damage has occurred in a scratched area. (X 500) 
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Figure 6.22. Photograph of anode surface after two 75 kV Marx bank 
shots. Note: the significant damage which has occurred along a preexisted 
scratch. (X500) 
Figure 6.23. Photograph of anode surface after two 75 kV Marx bank 
shots. Note the various sizes of craters occurring in a non-unifonn way on 
the anode surface. (X 500) 
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D. PLASMA FORMATION ON THE ANODE (SET UP 3) 
Figures 6.24 through 6.36 show the damage caused on the anode surface after 
three 75 kV Marx Bank shots on the stainless steel anode surface. Here the anode 
electrode is half polished. as mentioned earlier, and each figure denotes whether the 
image is of thl: JXll ished or unpolished side. 
Figure 6.24. Photograph of anode surface after three 75 kV Marx hank 
shots .- polished side. Note the large concentration of craters in this 
particular area on the anode surface. (X50) 
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FigUrl' 6.25. Photograph of anode surface after three 75 kV M<lrx bank 
shots -- polished side. Note the concentration of damage. (X200) 
Figure 6.26. Photograph of anode surface after three 75 kV Marx bank 
shots-polished side Note that some of the craters occur on all unscratched 
surface. (X500) 
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Figure 6.27. Photograph of anode surface after three 75 kV Mllrx hank 
shots -- polished side. Note the large non-unifoml craters. (X500) 
Figure 6.28. Photograph of anode surf:lce after three 75 kV Marx bank 
shots -- polished side. Note the large concentration of craters. (X500) 
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Figure 6.29. Photograph of anude surfoce after thrcc 7S kV Marx bank 
shots -- unpolished sidc. Notc the rings of the anode surface and the 
duster of craters covering them. (X1OO) 
Figure 6.30. Photograph of anode surface after three 7S kV Marx bank 
shots -- unpolished side. Note the concentration of craters in a cluster. 
(XSOO) 
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Figure 6.31. Photograph of anode surface after three 75 kY Marx bank 
shots -- unpolished side. Note the cluster surrounded by a less damaged 
area. (X 1 00) 
Figure 6.32. Photograph of anode surface after three 75 kY Marx bank 
shots -- unpolished side. Note the undamaged scratches. (X500) 
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Figure 6.33. Photograph of anode surface after threc 75 kY Marx bank 
shots -- unpolished side. Note the rings and the cluster covering a limited 
area. ( X50) 
Figure 6.34. Photograph of anode surface after three 75 kY Marx bank 
shots -- unpolished side. Detail of the above ring of Figure 6.13. (X500) 
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Figure 6.35. Photograph of anode surface:: after three 75 kY Marx bank 
shots·- unpolished side. Note the non-unifonnity of the damage. (X500) 
Figure 6.36. Photograph of anode surface after three 75 kY Marx hank 
shots -- unpolished side. Note the almost lllldamaged surface lower half of 
the photo. (X500) 
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Figure 6.37. Phutograph of anode surface aftcr threc 75 kV Marx bank 
shots -- unpolishcd side. Note that craters occur around the ring but not 
primarily on the ring. (X 500) 
E. COMPARISON BETWEEN ONE AND TWO 75 KV MARX 
BANK SHOTS 
During this stage of the work the damage on specific regions of the anode surfacc 
after one and two 75 kV \1arx shots is cumpared. Thc anode on which a 75 kV Marx 
shot had been fired is used. and specific regions of thc anodc surfacc are compared The 
same anode is subjected to another 75 kV \1arx shot, and thc photos are compared. The 
comparison of the results is of grcat importance. because it will demunstrate whether 
addi tional damage occurs after the st:Cond shot in the regions where damage appeared 
during the firs t shot. New photos uf clusters and "chains" of craters that appeared after 
the second shot are also taken. 
Figure 6.38. Photo of the anode surface lxfore the second shot of 75 kV 
Marx bank ~hot. (X50) 
Figure 6.39. Photograph of anode surface after second shot of 75 kV 
Marx bank shot. Note thut the same cluster seen in Figure 6.38 remains 
unchanged. (X50) 
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Figure 6.40. Photograph uf anude ~urface before second shot of 7S kY 
Marx hank shot This is a detail of the cluster seen in Figure 6.38 . 
(X100) 
Figure 6.41. Photograph of anode surface after second shot of 75 kY 
Marx bank shot. Note the same scratch seen in Figure 6.40 . It appears 
that there is no additional damage. (Xl 00) 
Figure 6.42. Photograph of anode surface before second shot of 75 kY 
Marx bank shot. Note the scratch. (X200) 
Figure 6.43. Photograph of anode surface after second shot of 75 kY 
Marx bank shot. Note the abovc section of thc scratch seen in Figure 6.42 . 
( X200) 
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Figure 6.44. Photograph of anode surface before second shot of 75 kV 
Marx bank shot. (X500) 
Figure 6.45. Photograph of anode surface after second shot of 75 kV 
Marx bank shot. Note that the region is the same as that seen in figure 
6.44 . No more damage appears, except some shadowing around some of 
the craters. (XSOO) 
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Figure 6.46. Photograph of anode surface before second shot of 75 kV 
Marx bank shot. Note the star of scratches (X500) 
Figure 6.47. Photograph of anode surface after second shot of 75 kV 
Marx bank shot. Note the star (mid-photo) secn in Figure 6.45 . No 
<lJJitional damage has occurred. (X50) 
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Figure 6.48. Photograph of anode surface before the second shot of 75 kV 
Marx bank shot. Note the crater on the scratch. (X50) 
Figure 6.49. Photograph of anode ~urface after the second shot o f 75 kV 
Marx bank shot. Note the same crater seen in Figure 6.47. (X50) 
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Figur~ 6.50. Photograph of anode surface before the second shot of 75 kV 
Marx bank shot. Note the scratch. (X200) 
Figure 6.51. Photograph of anode surface after the second shot of 75 kV 
Man< bank sho\. Note the same scratch seen in Figure 6.49. (X200) 
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Figure 6.52. Photograph of anode surface befurc thc second shot of75 kY 
Marx hank shot. Note the craters on the scratch. (X500) 
Figure 6.53. Photograph of anode surface after thc second shot of 75 kY 
Marx bank sho!. Nute the same scratch seen in Figure 6.5 1. No more 
damage has occurrcd. (X500) 
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Figure 6.54. Photograph of anode surface after the second shot of 75 kV 
Marx bank shot. Note the new clustcr. (X50) 
Figure 6.55. Photograph of anode surface after the second shot of75 kV 
Marx bank sho!. Note the new cluster. (X50) 
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Figure 6.56. Photograph of anode surface after the second shot of 75 kV 
Marx bank shot. Note the chain of cra\l:rs. (X50) 
Figure 6.57. Photograph of anode surface after the second shot of 75 kV 
Marx bank sho!. Note the chain seen in Figure 6.55. (X200) 
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Figure 6.58. Photograph of anode surface aftcr the second shot of75 kV 
Marx bank shot. Note the chain craters. (X500) 
Figure 6.59. Photograph of anode surface after the second shot of 75 kV 




The experimental resulls of the work show extensive damage, in clusters, in 
limited areas on the surface of the anode electrode. As mentioned earlier. in the chapters 
on theory, the damagl: is the result of many complex events. However, the present 
obsl:rvations enab le a betkr understand the mechanisms, the order of the events, and the 
model that was applied to interprellhe experimental vacuum diode; especially the anodic 
electrode region 
Accord ing to the Desorbed Neutral Ionization model, after the voltage onset on 
the 'diode, field emission Irom the cathode electrode takes place and plasma is produced 
in front of both the cathode and anode regions. The plasma un the anude is produced 
parTicularly due to the desorhed neutral dense layers that arc just in front of the anode 
surface. The oh 'rvations show that on some of the preexisting scratche~ on the surface 
of the anode. th. craters produced and the damagc sustained was significant. According 
to the ON! model. the dl:sorbed neutral layer can be more dense abovc these scratches 
This means that the damage I:xpected on the rl:!!:ion of scratches is largc, and the craters 
arc numerous. which shows that the observations made in this ~tudy are primarily in 
agreement with the ONI model (with the reservation that not all scratchcs have spots). 
rhe observations also includc phenomcna like the formation of series of craters, which go 
beyond the DNI model. Study of such phenomena could becoml: significllnl in thl: 
cxpansion oflhe model 
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B. PLASMA FORMATION ON THE ANODE SURFACE 
1. Anode Surface Damage 
The results of the work clearly indicate that there was considerabk damage 
observed on ali anodes of the various electfode set-ups, After two consecutive 75 kV 
Marx shots (equivalent to 1,04 MY inside thl;.': vacuum diode) numerous craters were 
observed on various points. especially near the edges of the anode electrode surface. As 
seen in Figures 6.1 \0 6.3, some lTlItcring was observed on preexisting scratches. This 
could be explained by the Desorption Neutral Ionization model, which supports the idea 
thai the neutral dense layer (which plays a key role 10 the plasma production) is more 
dense near the edge or above scratches on the anode electrode surrace. A scratched 
region of the anode s urface is more contaminated with adsorbates like 0:, and CO, than 
the other, unseratehed , well-polished surface. These adsorbate molecules arc weakly 
bound 10 the surface by Van DtT Wa<Jls attradions of nearly 0.25 eV, and are therefore 
capable of being released by the anode surface if they arc given enough kinet ic energy 
The mechanism of release for these adsorbate molecules could he a combination of the 
electrical tield, the impact of electrons, and ion emi ssion. As the neutral cloud expands in 
front of the anode surface, it can provide a ready source for ions and secondary electrons 
These secondary electrons are produced by any of the ionizing processes. These 
ciectrons are much less energe tic than the high energy flux electrons. so they are a very 
efficiem source for ionization of nearby neutrals in Ihe cloud. The secondary electrons 
will ionize the surface neutrals, thus producing ions The produced ions are then pulled 
toward the cathode surface. 
2. Formation Of Anode Spots By Unipolar Arcing 
Tht: localized build up of plasma above the anode surfm.:e naturally leads to 
pre~sure and electrical field distributions which ignite unipolar arcing. In Figure 7.1 a 
picture of an anod!: crater is magnified 1000 times. II is believed that this craler was 
produced duc to unipolar arcing. The center of the crater defines the "cathode" of the arc. 
from which electrons arc emitted duc to unipolar arcing process. Thc outer cratcr rim 
defines the electron return current arca or the "anode" of the arc. Thc arc is called 
unipolar because both arc "electrodes" arc located on thc same metal surface. Unipolar 
arcing represents a discharge that easily causes explosive plasma format ion . The current 
dcnsity. and hence the power dissipation for an arc, are considerably higher than those of 
field emilled or space charge limited current. Thc craters are formed as a result of 
t:lectrical micro arcs burning between the dense plasma and the surface. So. without any 
!:xternal voltage applied. the arcs arc drivcn by sheath electrical fields and plasma 
pressure gradients 
C. MilL T1PLE ANODE SPOT CRATERS 
As mentioned earlier in the analysis. extensive damage. consisting of numerous 
spot cratcrs. was observed during the course of the experimental work. These craters 
were usually of a diameter of 10 to 20 f-lm. with no specific re lat ion between sizc and 
position. Specifically. after one shot in the vacuum diode with 1.04 MY applied ovcr the 
2.5 cm gap. then: were areas \"ith clustt:rs of ancxk spot craters that were surrounded by 
areas with no craters at aiL One of these (magnified 50 times) can he seen in Figure 7.2. 
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Figure 7.1. Cratcr produ(;cd by unipolar arcing magnified 1000 limes 
This cluster consists of one main hody and several "legs" of crater spots_ Around 
thi s cluster there is no damage at alL Between the legs, it can he seen that there is also no 
damage at all. The sil.!: of this cluster is about 1.2 mm in length and 0.5 mm in width, 
with legs about 0.4 to 0.5 mm in length. They are visible to the naked eye, like most of 
the other dusters. The white lines in Figure 7.2 are scratches that resul ted from 
smoothing and polishing the surface orlhe anode. It is believed that the clusters observed 
were in regions with many scratches as seen in Figures 6.7 and 6.24. This means that 
there were morc dense neutral layers that, according to the Desorption Ncutral lonizalion 
model. could result in dense plasma formation, and so into many spot (;taters on the anode 
surface. The legs of the dusters had a light curve that moved in the sallle direction for 
every cluster. Even though the damage of the anode surface is mostly non-uniform at the 
cluster regions, almost all of the clusters had a similar ~hape consisting of 5 to 6 legs For 
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each separate duster I:very leg was shifting toward the same direction (cither to the right 
or to the kft). This gives the sense of a propeller-like schematic on the stainless stccl 
surface. The initial production of ions on the surface ortne anode is highly uneven. The 
radia l pressure gradient in the jct may contribute to the transverse motion of the ions and 
thus influence the divergence of an accelerated ion beam. The creation and direction of 
the cluster legs could be caused by magnetic forces developed duri ng the breakdown in 
the anode environment. A very important part of the experimental work was the 
obscrvat ion of the anode elcctrode surfacc after three conseelllive shots of 1.04 MY in thl: 
vacuum diode chamber. This anode surfa ce was smoothed and polished only in one-half 
part (scmicircle) of it. There were c1ustcrs on both the polishcd and unpolishcd sidcs. In 
the unpol ished region the number of clusters was slightly higher and there was significant 
damage on the anodl: surface. However. on thl: polished side, the sizc of the clusters 
observed were two 10 three times larger than the ones on the unpolished side. There wl:re 
<llso regions between clusters with the anode surface undisturbed by the significant 
damage occurring in nearhy regions. In Figure 7.2 a large cluster emerges in the middle 
of an undamaged region of the surface. 
Figure 7.2. Om: large duster in the middk of undisturbed surface NOLI: 
the lefiward moving legs. (SOX) 
Il. CLUSTER FORMATION 
One of Ihe most signiticant tindings of lhe experiments was the fo rmarion of 
dUS\l: fS 01' anode craters occurring in unpredicted areas of the anode surface. The 
scrll;::rnes of the c lusters were also different. ' l'he formation of the clusters could be caused 
by electron beam filaments from the cathode surface. These electron beams. under the 
inOuencc of magnetic forces dcvdopcd during lhe breakdown process, could lead to the 
creation of clusters of craters with legs lurning to a spe(;ific direction lor each cluster. It 
could a lso be affected by plasma radiation on the ilnode surfacl: from several unipolar 
arcings. which could lead to further desorption in the same area of the anode surfacc 
E. POSITIONING OF TIlE SPOT CRATERS ON THE ANOOE 
SURFACE 
As sccn in the experimental data. there is considerahle damage on the anodic 
electrode surfacc. ["here were many groups of spot craters that formed clusters. while 
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large portions of the anode surface rcmained free of spot cralering damage. TIlis 
localized plasma production and hem.:e ion emission from the anode might in fluence th!: 
divergence of an accelerated ion heam due to the radial pressure grad ient and the 
magnetic field associated with the unipolar arc current . Nevertheless, it would be of great 
significance if the reasons why damage has occurred can be understood. The anode and 
cathode electrodes were marked adequately, in order 10 provide sufficient information 
about the re lationship between the damage occurring on the cathode and on the anode 
rhe results ind icate that there is insufficicnt evidence for corrdation between the place 
were spots occur on the cathode and on the <lnode. The spots are of similar size and 
scheme, but the places wher!: they emerge se!:m unrelated. and their distribution rather 
non-uniform. This seelns to exclude the possibility that electron be<lms from the cathode 
surface produce clusters on the anode surface. In Figure 7.3, the d istribution of the spot 
crater groups (clusters) on the anode surface after two shots of 1. 04 MY in the vacuum 
diode can be seen. Most of the large dusters appear in a region less than half the radius 
from the center of the anode, while some smaller ones appear near the edges of the anode 
surface. On the cathode of tile same experimental set up, which is illustrated in Figure 
7.4. there was no considerable damage in this region. except for some minor damage on 
the edge 
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Figure 7.3. Photo showing the geometrical distribution of tht": clusters on 
the anode surface after two 1.04 MY shots. On the left side of the photo 
some of the clusters can be seen. The brightness on the right side of the 
photo is due to light reflect ions caused by the photo process 
Figure 7.4. Photo of the cathode surface after two 1 MV shots. The 
brightness on thc sides of the photo is due to light reflections caused by 
tile photo process 
In ~igurcs 7.5 and 7.6 the surfaces of the anode and cathode electrodes after three 
consecutive shots of 1.04 MV can be seen. The anodl: was smoothed and polished only 
in one half part (one sl:mi-eirck). According to observation. there was considerable 
damage on both parts, pol ished and unpolished. However, the damage on the unpolishl:d 
side in somc areas ncar the center of the electrode was deeper, and could be felt by a 
fingc r. Most of the usual clusters were found on the polished side. Nevertheless. on the 
unpol ished s ide, the damage did not have the usual main body/legs (cluster) form, 
consist ing instead of clusters of non-uniform shape. The cathode had some damage. but 
not clusters, and the damage that was present was generally lighter than the anode 
damage. The color of the cathode surface had changed to light blue. probabl y because of 
the ioni7.ation that had taken plael: and th l: th in film deposition 
Figure 7.5. Photo of geometric distribution of clusters on the anode 
surface after three consecutive shots of 1.04 MV. The right side of the 
photograph was the polished side, and the left the unpolished side rhe 
brightness on the upper left: side is due to light reflections. 
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Figure 7.6. Photo showing the cathode surface after three consecutive 
shots of 1.04 MV. The bright sides are due to light reflections. 
F. SEQ UENCE OF SPOT CRATER PRODUCTION 
fhe fonnation of the spot craters on the anode surface can't be sulliciently 
explainl:r.\ by the Explosive Ekctron Emission model (EEE), because thcre is not an 
adcquatc explanation uf how a field emission current can be emitted from the positively 
charged anode surface. However, the ON! modd gives a sufficient sequcnce of events tu 
explain the observed phenomena. 
ror the vacuum diode, the onset of breakdown is typically delayed by I to 10 ns 
This time corresponds to the lime required by the desurbed neutrals to expand untillhey 
reach the maximum of the ionizing zone, where the ficld emitted clectrons have about 
88 
100 eV. Ions produced there are accelerated hack towards the electron emitting spot 
The ions hit the spot with ubout 100 eV and Tewmbine. This localized energy deposition 
leads \0 the surfw.:e healing and further release of adsorbed gases_ The Sp<l!.:C charge of 
the slow moving ions will increase the electrical field, and so the field emission current. 
which will enhance the ionization rate. As the positive space charge increases, a double 
layer forms between the ions moving from the ionization zone to the cathode and the 
electrons moving to the anode. This reduces the applied electrical field in the gap unti l 
the eJcdron fiow becomes space charge limited. About 10 to 12 ns after the voltage onset 
there is plasma fonnHtion in front of the cathode surface. As thc plasma density above 
lhe emitting spol increases, so does surface hcating of the spot by ion hombardment. The 
initial pla.~ma formation on the cathode surface of thc vacuum diode is highly non-
unifor m. Small cathode spots of diameter 5-15).lm are fOWled 10-15 ns after ollsel of 
voltage due to unipolar arcing. Aftcr a short delay of 0-2 ns, a plasma layer is also 
formed on the anode surface. The ionization of the neutral gas layers there is caused 
primari ly by secondary low energy electrons. With the increase of ionization rate, the 
potential of the ion layer increases above the anode potential, trapping the low energy 
electrons and form ing the dense plasma layer. The sheath e lectrical field causes small 
microsized unipolar arcs to form on the anode surface. which results in the anode crater 
spots 
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G. COMPARISON BETWEEN I AND 2 SHOTS OF I MY DIODE 
VOLTAGE 
To belter underst<llld the physical processes that govern the plasma formation 
process on the anode surface an atll;::mpl was made to specify the difft:rcnces between 
observed pans of the same anode after one and two shots of 1.04 MV inside the vacuum 
diode of the FXR fa cili ty_ As can be seen in Figures 6.25 - 6.}2, the clusters that were 
observed before and after the second shot were unchanged regarding to their shape and 
[he number of spot c raters. At the same time, other clusters were observed in various 
other places wilh a distribution which is considered as non-uniform. On the anode 
surface, as can be seen in Figures 6.55 and 6.58, after the second shot of 1.04 MV some 
curved lines of spot craters where present that did not exisl after the tirst shot. This might 
have to do wilh the magnetic forces appearing in the plasma environment. Another 
impressive observation came after the comparison between the same region of tht: 
stainless sted anode surface after one and two shots, magnified 500 limes, as can be seen 
in Figure 5.32. There it appers Ihat after the second shot, around the preexisted crater 
spots appeared to form a shadowing region which could represem layers of neutrals 
which were not sufficiemly ionized in order to initiate the proccss for plasma fo rmation. 
NevcnhcJess as can be st:en aner the comparison of Figures 6.38 through 6.52 the damage 
sustained on the regions that were observed was not enhanced from the existence of 
previous craters. Apparently in anode regions observed before and alier the second 1.04 
MV shot, there were no more damage that could be associated with tht: presence of the 
prevIOus c ra te rs . 
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rhis could be c.l{p iained by the insuflicicnt dense neut ra l layers. above the tiny 
previous craters. to produce new unipolar arc burnings. After lhe first shot the surface is 
relatively clean due 10 "discharge cleaning" in the areas where clusters have formed 
Hence. after the second shot no further damage is caused due to less desorption. It cOllid 
also he explained by the bellavior of the e lectron beams - filaments from the cathode 
which hi t other areas of the anode 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 
rhc purpo~c of the completed work was to determine whether spot craters and 
thus, plasma format ion occur in the region in front of the anode surface of the diode of a 
high voltage pulse powered system. It was also the purpose of this study 10 investigate 
lhe gl;.':omdrical characteristics of the spot (,;TalerS which arc formed on the anode surface 
and whether anode damage is atfected by scratches and uther abnormalities on the anode 
electrode surface. The results of the experimental work indicate that anode craters really 
exist and plasma famunian takes place in front of the anode surface. However, the 
comparison between one shot and two shot photos showed that previolls damage spots on 
the anode surface caused by the first shot do not induce larger damage spots after the 
second shot. The creation of new crater spots indicate~ that new anode damage i~ 
independent of old damage, and thus docs not depend on previous crater formation. On 
the other hand, the photographs show that in certain locations spot craters are formed in a 
line on a preexisting scratch, but not all scratchcs have anodc spot craters on them. This 
means that the critical conditions for onset of unipolar arcs depend on several parameters 
surface roughncss, adsorbcd impurity layers, encrgy deposition by cnergetic primary 
electrons and ionization rates by lower energetic secondary electrons Another 
impre~sive finding was the fomlation of clusters of craters which were found on the 
anode surface. They consist of many cratcrs and are surroundcd by undam:lged surface 
area. They have " legs" which for each cluster turn in the same dircct ion rhis indicate ~ 
that magnetic fklds could playa key role to thc invcstigated phenomena Another new 
observation was that some curved lines were observed after the ~econd shot These lines 
consist of craters different from the nomlally circular craters. The [onnation of these 
series of craters may support Ihe idea that magnetic fields afTect significantly Ihe 
phenomena observed on the anode surface. The marking of Ihe anode and cathode 
electrodes showed thaI there is no direct relation between damage which occurred on the 
cathode and anode surface. It was also indicated thai the [annalion of craters on thc 
anode surface was non-unifonn and unpredictable. However most of thc cluster areas 
were [aruled in the region around Ihc cenler of the anode electrode surface. This may be 
due to electron beams emitted from the edge area of the calhode. or pinching. The 
Desorbed Neutral ioni7..alion model (DNI) explains Ihe formation of craters above 
preexisting scratches. Furthermore. the DNl model helps to understand why in regions 
with preexisting damage. after a new shot there is no new damage recorded. The cratered 
surface has been discharge cleaned by the first sho!. The reduction of adsorbed neutrals 
inhibits the formation ofunipoJar arcs. The ONI model may need to be expanded in order 
to include an explanation of the magnetic fi eld behavior during the break down process in 
a high pulse powered system. Further work in this area is needed in order to better 
understand the mechanisms which cause the plasma fonnation on the anode surface. A 
theoretical study of Ihe development of the magnetic fields would help us to understand 
the distribution of craters fanned on the anode surface. More work could also be done to 
invt:stigate the geometrical distribution of the damage on the electrode surface. More 
materials like AI. In. Cooper could be used in order to provide comparable results with 
stainless steel. Further investigation should also be made of the role that is played by the 
preexisting scratches and especially by their depth. Generally. this work showed that the 
9, 
DNl modcl m::eds to be expanded in order to include magnetic force effects and to study 
preexisting scratch effects. New materiab (ould oc used in order to provid( expandable 
data for the plasma formation un the anode surface. This euuld be very significant for 
understanding the mechanisms which occur in the diode of a high voltage system 
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APPENDIX. OPERATIONAL PROCEDURES m' PULSERAD 112A 
A. PREPARATION OF PULSERAD 112A FOR OPERATION 
The operating instructions of the Pu!serad syslt:m <lfe given in detail in [Rei 23 J 
Here. the procedure is summarized. 
1. Set of the Cathode-Anode spacing in the Accelerating Tube 
The cathode·anode spacing is set La 2.54 em. and tht: cathode adjustment is made 
using the following procedure 
j . Remove the anode pla te assembly and the D-ring from the fron! flange 
2. LOOSI:Il sel screw on the cathode support stem and place straight edge anoss 
front tlangc. 
3. Measure from edge of straight facing the cathode to the cillhode tip 
surface. In order to take the actual surface spacing, add 6.35 em to this 
measurement. So, in this case, in order to obtain a \:athodc -anode spacing of 2.54 
ern the cathode is sel La measure 19.05 cm. 
4. Tightcn s;::t screw on cathode suppon stem and recheck measurement 
For the installation of the anode electrode, the fo llowing procedure is used 
I. Lay the anode face plate on the tlat non marring surface with diode side faci ng 
down and cut a disc to fit into anode machined recess 
2. Install a cleaned D-ring into groove on face plate and fasten the anode cover 
plat;:: 
3. Install a cleaned greased D-ring in the machine's front flange and position and 
fast;::n lh;:: anode pial;:: assl:mbly onto the front flange 
2. Start the Vacuum System 
f he Pulsl:rad 112A system is ready to be operated when the pressurl: in the 
acce lerator tube is lower th<ln or equal to 5 x 10-4Torr 
os 
3. Marx Generator 
The de~ired voltage for the expcriment is 75 kY. So. the Blumlein pulse chargc 
vo lt age is given in [Rcf. 1 1) by the rdation: 
ill. Yolt. =12x l. 2x 9xMarxYoitage 
For present purposes, r-,:larx voltagc is 75 kY, so 
BI. Volt. =12xl 2x. 9x75 = 972kV 
The diode voltage is given by 
DiodeVolt. =2xBI Volt. x50193 = 1. 04 MY 
The factor 50/93 expresses the impedance of the systcm circuits. 
4. Chargine and Firing the Pulserad 1I2A 
In order to achieve a sw;cessfu\ functioning of the Pulscrad system the following 
prol:edure should be followed 
I. Observe all the safety precautions and ensure that all personnel are cleared 
from thc Pulserad area. 
2. Sl:t all switch pressures at the proper values and adjust the dc kilovolt meter set 
point to the desired Marx charge voltage 
3. Turn on the Pulsepak IDA power and high voltage and tum the power supply 
key to the run position. 
4. Press the 'HV start' button and when the de ki lovolt meter reaches the pre-
selected setting, thc system is ready 10 lire. This is done hy depressing the fire 
hutton on the Pulsepak lOA device 
5. Turn off the Pulscrad power supply key removing it from console and turn off 
thc triggcr system power. 
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